A rapid and high-sensitive ultra-fast liquid chromatography coupled with a diode-array detector and a quadrupole/time-of-flight mass spectrometry (MS) method was established and validated for the chemical profiling of Nao-shuan-tong capsule (NSTC) and simultaneous quantification of five major constituents. A total of 59 components including monoterpene glycosides, flavonoids, sesquiterpenoids, ketosteroids, thiophenes, organic acids and alkaloids were identified or tentatively characterized in NSTC based on the accurate mass and tandem MS behavior. Five major bioactive constituents were chosen as the chemical indexes of holistic quality evaluation and quantified simultaneously. All calibration curves showed good linear regression (r 2 > 0.9991) in the range 25.2-510, 145 -2,900, 1.84 -36.8, 2.61 -52.2 and 3.25 -26.2 mg/mL for gastrodin, paeoniflorin, typhaneoside, b-ecdysterone and isorhamnetin-3-O-neohesperidoside, respectively. It also showed good precision, stability and accuracy for quantification of these five compounds. The limit of detections and limit of quantitations for the analytes ranged from 0.14 to 1.09 mg/mL and from 0.47 to 3.63 mg/mL, respectively. The validated quantification method was applied to analyze 10 batches of commercial NSTC. These results will provide a basis for quality control of the production process and the further pharmacological study in vivo of NSTC.
Introduction
Nao-shuan-tong capsule (NSTC) is approved as an ischemic stroke drug by the state Food and Drug Administration of China (state medical license no. Z20040093) with remarkable therapeutic effects (1) . It is a kind of Chinese herbal medicine compound preparation (CHMCP) according to the meridian theory of traditional Chinese medicine, comprising Typhae Pollen (TP), Paeoniae Radix Rubra (PR), Curcumae Radix (CR), Gastrodiae Rhizoma (GR) and Rhapontici Radix (RR). It is well known that the complex interaction between compounds may produce synergistic effects and reduce possible side effects. However, the CHMCP that consists of several crude drugs often contains so many poorly characterized chemical constituents that it takes a great challenge to standardize the production process and understand their action mechanisms. In the previous research, the major constituents in these single herbs have been studied partly, for instance, TP mainly contained flavonoids such as naringenin and typhaneoside (2) . Different kinds of monoterpene glycosides such as paeoniflorin and benzoylpeaoniflorin were found in PR (3) . Sesquiterpenoids were one of the characteristic constituents responsible for the therapeutic effect in CR (4) . Gastrodin in GR and ecdysteroids in RR were commonly used as quality control markers, respectively (5, 6) . However, to the best of our knowledge, the profile of chemical constituents in NSTC has not been investigated so far.
Recently, a liquid chromatography (LC) system coupled with diode-array detector (DAD) -time-of-flight (TOF) -mass spectrometry (MS) has become an important tool to analyze compounds in the traditional Chinese medicine, a complex mixture containing hundreds of different chemical constituents (7 -9) . In the present study, an ultra-fast liquid chromatography method on a reversed-phase column was developed for high-speed separation of multiple constituents in NSTC. The fragmentation mechanisms of authentic standards including monoterpene glycosides, flavonoids, sesquiterpenoids, ketosteroids, organic acids and alkaloids were first characterized by TOF-MS/MS in both positive and negative modes. Then, the identification and elucidation of the complex constituents of the NSTC were carried out by comparing the retention times, DAD spectra and TOF-MS/MS data of each analyzed compound with those of the corresponding authentic standard and/or the literatures. A total of 59 constituents were unambiguously identified or tentatively characterized in the formula. In addition, simultaneous quantification of five major compounds was developed and 10 batches of commercial NSTC were analyzed, which will provide comprehensive information for quality control and pharmacology research of NSTC.
Biological Products (Beijing, China) with purity .98% detected by high performance liquid chromatography (HPLC). Kaempferol-3-O-neohesperidoside, quercetin-3-O-neohesperidoside, quercetin-3-glucoside, calycosin, naringenin, syringic acid, L-pyroglutamic acid and guanosine were purchased from Sigma-Aldrich (St Louis, USA) with purity .95% detected by HPLC.
Acetonitrile of HPLC grade was purchased from Fisher Scientific (Pittsburgh, PA, USA). All water used was distilled and further purified by a Milli-Q system (Millipore, Milford, MA, USA). Other reagents used in the experiment were of analytical grade.
Preparation of standard solutions, NSTC and raw drug extractions
The mixed solution of 25 standards for identification was prepared in methanol at the concentration of 0.1 mg/mL for each compound. The mixed standard solutions of gastrodin, paeoniflorin, typhaneoside, b-ecdysterone and isorhamnetin-3-O-neohesperidoside for quantification were prepared at 0.510, 2.90, 0.0368, 0.0522 and 0.0262 mg/mL, respectively, for their various concentrations in NSTC samples. Then, a series of working solutions of appropriate concentrations was obtained by diluting the mixed standard solution.
The content of NSTC (2.5 g) was bath-sonicated twice at 40 kHz for 30 min in 50 mL of methanol, and 5 mL of extract solution was transferred into a 10-mL volumetric flask and diluted up to the mark with methanol.
The extracts of T. angustifolia L. (5.6 g), P. lactiflora Pall. (1.6 g) and R. uniflorum DC. (2.4 g) were separately prepared according to the technological process as the patent report ( patent no.: CN 1491705A). Then, the merged solution was evaporated under reduced pressure at 608C with a rotary evaporator, and the residue was redissolved in 10 mL of methanol.
Before analysis, all solutions mentioned above were centrifuged at 15,000 rpm (21,130 Â g) in an Eppendorf 5424R centrifuge for 10 min. The supernatants were then transferred to an autosampler vial for ultra-fast liquid chromatography/diode-array detector/quadrupole time-of-flight tandem mass spectrometry (UFLC -DAD -Q-TOF -MS/MS) analysis.
UFLC-DAD-Q-TOF -MS/MS system
Analysis was performed with a Shimadzu UFLC XR instrument (Shimadzu Corp., Kyoto, Japan) equipped with an in-line degasser, a binary pump, an autosampler, a column oven and a DAD. Chromatographic separation was carried out on a Phenomenex Kinetex C18 column (2.1 Â 100 mm, 2.6 mm, Phenomenex, CA, USA) at 308C. The mobile phase consisted of 0.1% formic acid (v/ v) in both acetonitrile (A) and water (B) using a gradient elution program of 2% A (0 -5 min), linear gradient from 2 to 60% A (5-20 min), 60 to 100% A (20 -28 min) and isocratic 100% A for 2 min. The injected volume was 2 mL with the flow rate kept at 0.3 mL/min. The DAD detector scanned from 190 to 400 nm.
Detections were performed by a hybrid triple quadrupole time-of-flight mass spectrometer (AB SCIEX Triple TOF TM 5600 plus, AB Sciex Foster City, CA, USA) equipped with electrospray ionization (ESI) source. The TOF -MS worked in a full scan mode and mass range was set at m/z 100 -1200 in both positive and negative ion modes. The acquisition of MS/MS data was accomplished by IDA (information-dependent acquisition) mode. The conditions of mass spectrometer were as follows: ion source gas1 55 psi; ion source gas2 55 psi; curtain gas 35 psi; temperature 5508C; ion spray voltage floating 5,500 V; collision energy 40 V; collision energy spread 20 V and declustering potential 80 V. Nitrogen was used as nebulizer and auxiliary gas.
Validation of quantitative analysis
The quantification method of multiple constituents in NSTC was established to be specific and suitable for the routine analysis due to its simplicity, sensitivity, accuracy and reproducibility. The bioactive compounds were quantified using DAD chromatograms extracted at 254 nm. The individual compounds were quantified using the calibration curves of external standards.
Six different concentrations of the mixed standard working solutions were injected into an UFLC system for the construction of calibration curves. For each target constituent, the limit of detections (LOD) and limit of quantitations (LOQ) were determined at signal-to-noise (S/N) ratios of 3 and 10, respectively. The intra-and inter-day precisions were determined by analyzing six replicates at three concentrations on the same day and three consecutive days in order to test the instrument precision and the method precision. To investigate the stability, the standards and sample extracts were stored in methanol solution at 48C and analyzed every 12 h within 72 h. Accuracy was reported as percent recovery by the assay of known added amount of reference standards in the sample, which were prepared in three different amount levels (80, 100 and 120%) and triplicate experiments at each level. Recoveries were counted by the following formula: Recovery (%) ¼ 100 Â (amount found 2 original amount)/ amount spiked. Variations were indicated by relative standard deviation (RSD) in all tests.
Results

Identification of constituents in NSTC by UFLC-DAD -Q-TOF -MS/MS
After the optimization of LC and MS conditions, a simple UFLC-DAD-Q-TOF-MS/MS method was developed to detect constituents in NSTC and its single herb extracts. The DAD chromatogram at 254 nm and base peak chromatogram in positive and negative ion modes are shown in Figure 1 . Most of the constituents were well separated under the gradient elution condition with high resolution and good sensitivity. Twenty-five peaks including monoterpene glycosides, flavonoids, sesquiterpenoids, ketosteroids, organic acids and alkaloids were unequivocally identified by comparing their retention times, UV spectra and MS data with those of authentic compounds. When there was no reference standard, the chemical structures were proposed by UV spectra, and molecular mass (mass error ,5 ppm) and fragmentation behaviors obtained from reference standards with the same basic skeleton and available data from literatures. As a result, 34 peaks were tentatively identified. All the chemical structures are presented in Figure 2 . The compound profiles of 10 batches of NSTC commercial products were analyzed by UFLC -DAD -Q-TOF -MS/MS, and there was no significant difference in the composition of ingredients as given in Table I .
Identification of monoterpene glycosides
The monoterpene glycosides detected in NSTC are unique compounds originated from PR (3). A total of eight monoterpene glycosides were identified based on their mass spectra and literature reports. All of these compounds showed better responses in negative ion mode. The neutral losses of one formaldehyde molecule (30 Da) 2 ). Peak 39 was tentatively identified as benzoyl oxypaeoniflorin, which has been reported in the literature (11 Table I. obtained by the successive losses of an arabinosylglucose, a methyl group and a carbonic oxide, respectively. Therefore, on the basis of occurrence data in Paeoniaceae (12), Peak 17 was tentatively identified as paeonolide.
Identification of flavonoids
Flavonoids have been considered as bioactive principles of many medicinal plants, and showed remarkable antioxidative activities that remain the main topic investigated in recent years (13) . In Figure 2 . Chemical structures of compounds identified in NSTC. All the peak numbers as in Table I . ). Thus, Peak 11 was tentatively identified as catechin-7-O-glucoside, which was reported in Paeoniae Radix (18) .
Identification of sesquiterpenoids
Sesquiterpenoids are unique components in Curcuma (4) and have been reported to show the analgesic and antimicrobial bioactivities (19) . A total of 11 sesquiterpenoids were identified in NSTC. Positive ion mode detection is more sensitive for these identified sesquiterpenoid compounds. The neutral loss of one water molecule was generally observed in their MS/MS spectra, even though there were no hydroxyl moieties in the structure. This indicated that the deoxygenation of lactone group and carbonyl group was probably through the fission of C-O bonds and the combination of hydrogen from the nearby position to form a water molecule. Product ions yielded by the losses of a propylene moiety (42 Da) and an ethylene molecule (28 Da) could also be commonly obtained.
Comparing with both the reference standard and literature data (20) þ at m/z 235.1693 (C 15 H 22 O 2 ), and was 16 Da (O) more than that of Peak 53. It produced product ions at m/z 217.1583, 199.1508 and 157.1001 by successive losses of one water molecule, two water molecules and a propylene moiety, respectively. Peak 52 was tentatively identified as 13-hydroxygermacrone, which has been reported in the literature (20) . Peak 51 showed [MþH] þ at m/z 219.1742 (C 15 H 22 O), the same with that of Peak 53. Its product ions focused on m/z 177.1268, 135.1215 and 107.0864 by successive losses of one propylene, one ketene (42 Da) and one ethylene molecule, respectively. Peak 51 was tentatively identified as b-turmerone, which has been reported in the literature (21 þ ), respectively. By comparing their quasi-molecular weights and chromatographic properties with the reported compounds in R. uniflorum (27) , Peaks 55, 57 and 58 were tentatively identified as arctic acid, arctinal and arctinone b, respectively.
Identification of organic acids and derivatives
By comparing the retention time, UV data and MS/MS fragmentation pattern with the reference standards, Peaks 6, 7, 9, 14, 15 and 19 were identified as gallic acid, gastrodin, protocatechuic acid, vanillic acid, chlorogenic acid and syringic acid, respectively. Peak 26 ) in the negative ion mode, respectively. Both of them produced fragment ions by losses of one or two gallic acid molecules, suggesting the presence of galloyl group. In accordance with the existing study (29) , Peaks 22 and 31 were tentatively identified as 2,3,4,6-tetra-O-galloyl-b-glucose and 1,2,3,4,6-penta-O-galloylb-glucose, respectively.
Identification of alkaloids
Alkaloid compounds possess various potential bioactivities such as anti-inflammatory, antimicrobial and anti-asthmatic activities (30) . Alkaloids detected in NSTC include amino acids, nucleinic acid and nucleotide.
By comparing the retention times and the MS/MS spectra with those of the authentic standards, Peaks 1, 2, 3, 4, 5 and 8 were definitely identified as choline, adenine, L-pyroglutamic acid, adenosine, guanosine, gallic acid and phenylalanine, respectively. In the MS/MS spectra of these nitrogenous compounds, fragment ions yielded by loss of one NH 3 moiety could be generally obtained.
Quantification
The quantification of five bioactive compounds was determined by ultraviolet absorption at 254 nm for their higher content in the corresponding herbs. Gastrodin, paeoniflorin and b-ecdysterone were selected as the index compounds for the quality control of GR, PR and RR in the compound preparation, respectively. Isorhamnetin-3-O-neohesperidoside and typhaneoside were chosen as the control indexes for TP because of its monarch status in this prescription. The calibration curves with coefficients of correlation (r 2 ) and the data for LOD and LOQ are reported in Table II . The linear range was confirmed according to the content of each compound in NSTC. The LOD and LOQ listed indicated that the limits were low enough to determine these target compounds, which ranged from 0.14 to 1.09 mg/mL and from 0.47 to 3.63 mg/mL, respectively. The RSD value ranges were 0.21-1.33% for intra-day precision and 0.21-1.13% for inter-day precision. The recoveries listed for five compounds were expressed as the average of triplicates + SD at three concentrations, and all recoveries were in the range 96.82-102.12%. As shown by the RSD of 0.33 -0.85%, samples were stable when kept at 48C within 3 days. All the results indicated that the established method was suitable for the determination of these compounds in NSTC. The contents of five target compounds were analyzed in 10 batches of NSTC, and the data are listed in Table III . 
Discussion
The constituents identified in NSTC could be summarized into several classes such as monoterpene glycosides, flavonoids, sesquiterpenoids, ketosteroids, thiophenes, organic acids and alkaloids according to their structures. By comparing the data of NSTC and its corresponding single raw material, the source of each identified compound was surveyed. As given in Table I , different raw materials possessed their own characteristic chemical contribution, which might cover one or more classes of compounds. For instance, the detected monoterpene glycosides were mainly contributed by PR. Flavonoids were basically originated from TP. The typical compounds in CR were curcuminoids and sesquiterpenoids (4); however, sesquiterpenoids were detected only in NSTC. This would result from the production technology process of NSTC.
As shown in Table III , paeoniflorin was found to be the predominant compound, whose content was much higher than other components. Noteworthily, paeoniflorin from the ministerial drug PR was in such a high content, while the contents of the index compounds isorhamnetin-3-O-neohesperidoside and typhaneoside from the monarch drug TP were significantly lower in magnitudes. The results indicated that the content of the monarch drug did not necessarily have to be the highest, but it was still the critical component in quality control and pharmacological studies. What's more, such combination might produce synergistic effects and reduce possible side effects. This revealed the chemical relation and interaction of NSTC formula, and also reflected one of the main points of the theory of traditional Chinese medicine to some degree. To guarantee the stability, safety and efficacy for clinical use, quality control standard for commercial products of NSTC should be standardized.
Conclusion
In the present work, a simple and reliable UFLC-DAD -Q-TOF -MS/MS method was established for rapid identification and simultaneous quantification of multiple bioactive constituents in NSTC. A total of 59 constituents including monoterpene glycosides, flavonoids, sesquiterpenoids, ketosteroids, thiophenes, organic acids and alkaloids in the complex matrixes were well separated and identified by comparing the retention times, DAD spectra and TOF/MS data of the analyzed compounds with those of authentic compounds and/or literature data. All of these compounds were also detected in the corresponding single herb. Quantification of five bioactive compounds and analysis of 10 batches commercial NSTC products were carried out, which would be helpful to facilitate its quality control method during production process. What's more, the identification and structural elucidation of chemical constituents in NSTC also provided essential data for further pharmacological, metabolic and clinical studies. 
